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METHOD AND SYSTEM FOR DETECTING
AN IMPROPER PROTECTION IN AN
OPTICAL COMMUNICATION NETWORK

CROSS-REFERENCE TO RELATED
APPLICATIONS

This is the first application filed for the instantly disclosed
technology.

TECHNICAL FIELD

The present disclosure generally relates to the field of
optical communication networks and, in particular, to meth-
ods and systems for detecting an improper protection in an
optical communication network.

BACKGROUND

Typical implementation of optical networks, such as, for
example, dense wavelength division multiplex (DWDM)
networks, involve providing a working path and a protection
path in order to provide seamless communication. So, in
case of an optical fiber link failure in the working path,
traffic is routed through the protection path. Such path
protection generally requires that the optical fiber links of
the working path and the protection path are disjointed to
reduce the probability of the protection path and the working
path being simultaneously interrupted due to the same
optical fiber link failure.

However, the requirement of optical fiber links of the
working path being independent and disjoint to the protec-
tion path is at times breached by the optical layer. Such
breaches include at least a portion of working path and a
portion of protection path sharing the same optical fiber, or
different optical fibers within same optical cable, or different
optical fiber cables that are spatially close to each other.

To this end, there is an interest in developing efficient
methods and systems for detecting an improper protection in
an optical communication network.

SUMMARY

The embodiments of the present disclosure have been
developed based on developers’ appreciation of shortcom-
ings associated with the prior art. Generally, the conven-
tional techniques for detecting an improper protection in an
optical communication network rely on coherent Optical
Time Domain Reflectometers (C-OTDRs), the C-OTDRs
simultaneously monitor the two optical fibers under test. The
conventional techniques generate 2D waterfall diagrams
from the optical fibers under test. To determine whether two
optical fibers are co-cable or not, strong events around the
optical fiber (e.g., a vehicle passing over a buried optical
fiber) which can create clear and distinct patterns/features in
2D waterfall diagrams is required. The conventional tech-
niques rely on image processing techniques that requires
strong perturbations to distinguish the two 2D waterfall
diagrams. In practice with optical fibers subject to low-
impact events and conditions, the optical fiber properties are
weakly perturbed resulting in patterns/features in 2D water-
fall diagrams buried in the noise.

The developers of the present disclosure have devised
efficient methods and systems for detecting an improper
protection in an optical communication network. More
particularly, instead of image processing techniques, various
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2

embodiments of the present disclosure rely on correlation
between optical signals reflected from the optical fibers.

In accordance with the first broad aspect of the present
disclosure, there is provided a method for detecting an
improper protection in an optical communication network,
the method comprising: receiving, by a first Coherent-
Optical Time Domain Reflectometer (C-OTDR), a first
reflected optical signal from a first optical fiber; receiving,
by a second C-OTDR, a second reflected optical signal from
a second optical fiber; pre-processing, by a processor, the
first reflected optical signal and the second reflected optical
signal; determining, by the processor, a category of the first
C-OTDR and the second C-OTDR; wherein, upon deter-
mining that the category of the first C-OTDR and the second
C-OTDR is distributed acoustic sensing (DAS), computing
a correlation between the first preprocessed reflected optical
signal and the second preprocessed reflected optical signal
based on a first correlation computation technique; wherein,
upon determining that the category of the first C-OTDR and
the second C-OTDR is distributed vibration sensing (DVS),
computing a correlation between the first preprocessed
reflected optical signal and the second preprocessed
reflected optical signal based on a second correlation com-
putation technique; and based on the computed correlation,
detecting the improper protection in the optical communi-
cation network.

In accordance with any embodiments of the present
disclosure, the pre-processing includes one or more of:
bandpass filtering, normalizing time/frequency components
and applying non-linear gain.

In accordance with any embodiments of the present
disclosure, the first correlation computation technique com-
prises computing one-dimensional time-domain correlation
between the first preprocessed reflected optical signal
reflected from a first location in the first optical fiber and the
second preprocessed reflected optical signal reflected from a
second location in the second optical fiber for a given
duration of time T.

In accordance with any embodiments of the present
disclosure, the one-dimensional time-domain correlation is
computed as:

1 n
— > Real{ug 15, za (0, 7))
nr i=1

T —nr ~ [Twn =
\/ Ezizl'“a(’f’ Za)l \/ ;Zizllub(zi, e

Cip(za, 2p) =

where u,(t,,z,) is the first preprocessed reflected optical
signal reflected from the first location z,, u,(t;z,) is the
second preprocessed reflected optical signal reflected from
the second location z,, iis an index that varies from 1 to ng,
and t; is a time index.

In accordance with any embodiments of the present
disclosure, the time index t; is related to the index i as:

_G-1r

Tonp-1-

In accordance with any embodiments of the present
disclosure, the first correlation computation technique com-
prises computing a two-dimensional time-domain correla-
tion between the first preprocessed reflected optical signal
reflected over a length L from a first location in the first
optical fiber and the second preprocessed reflected optical
signal reflected over the length L from a second location in
the second optical fiber for a given duration of time T.

In accordance with any embodiments of the present
disclosure, the two-dimensional time-domain correlation is
computed as:
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1

npnr

n .
D Dt Reallualty 2o+ 15 25 + 1)

Cap(2a, zp, L) =

where u (t,,z,+1)) is the first preprocessed reflected optical
signal reflected over a length I, from the first location z,,
u,(t; z,+1) is the second preprocessed reflected optical
signal reflected over a length L, from the second location z,,
iis an index that varies from 1 to n, j is an index that varies
from 1 to n,, t; is a time index and [, is a length index.

In accordance with any embodiments of the present
disclosure, the time index t; is related to the index i as:

(i-1T

I’lT—l ’

i

Cap(2q, 2p, L) =

and the length index 1, is related to index j as:

G-DL

np—1"

=

In accordance with any embodiments of the present
disclosure, the first correlation computation technique com-
prises: computing one-dimensional time-domain correla-
tions between the first preprocessed reflected optical signal
reflected from a first set of locations in the first optical fiber
and the second preprocessed reflected optical signal
reflected from a second set of locations in the second optical
fiber for a given duration of time T; and computing an
average value of the one-dimensional time-domain correla-
tions

In accordance with any embodiments of the present
disclosure, for a first location from the first set of locations
and a second location from the second set of locations, the
associated one-dimensional time-domain correlation is com-
puted as:

Lo
— 3T Reallug(ts, 24 + (e, 25 + 1))
nr i=1

T wnr 2 (1 wnr )
\/ o D ot za 1) \/ o D otti 2o+ 1)

Ci1p(2a» 25, Ij) =

where u,(t;, z+1) is the first preprocessed reflected optical
signal reflected from the first location z,,+1;, u,(t,,z,+1;) is the
second preprocessed reflected optical signal reflected from
the second location z,+1,, 1 is an index that varies from 1 to

ng, and t; is a time index.

10

20

>
1 np nr 1 n
E E 2 1 ny 2
. g, Za 1)) E ) E C up(, zp + )]
npny & j=14di=1 npnyp & j=14di=1

In accordance with any embodiments of the present
disclosure, the second correlation computation technique
comprises computing two-dimensional frequency-domain
correlation between absolute frequency components of the
first preprocessed reflected optical signal reflected over a
length L from a first location in the first optical fiber and
absolute frequency components of the second preprocessed
reflected optical signal reflected over the length L from a
second location in the second optical fiber.

In accordance with any embodiments of the present
disclosure, the two-dimensional frequency-domain correla-
tion is computed as:

1
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where U, (f;, z,+1)| are the absolute frequency components
of the first preprocessed reflected optical signal reflected
over a length |, from the first location z,,, IU,(f;,z,+1))! are the
absolute frequency components of the second preprocessed
reflected optical signal reflected over a length 1, from the
second location z,, i is an index that varies from 1 to ng, j is
an index that varies from 1 to n,, f; is a frequency index and
I, is a length index.

In accordance with any embodiments of the present
disclosure, the frequency index f; is related to the index i as:

= Do = Fo)

fi + Jouins
ng—1

where £, and f,;, are the maximum and minimum values
of the absolute frequency components and the length index
1; is related to index j as:

G-DL

ny—1

/=

In accordance with any embodiments of the present
disclosure, the second correlation computation technique
comprises: computing one-dimensional frequency-domain
correlations between the absolute frequency components of
the first preprocessed reflected optical signal reflected from
a first set of locations in the first optical fiber and the
absolute frequency components of the second preprocessed
reflected optical signal reflected from a second set of loca-
tions in the second optical fiber; and computing an average
value of the one-dimensional frequency-domain correla-
tions.

In accordance with any embodiments of the present
disclosure, for a first location from the first set of locations
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and a second location from the second set of locations, the
associated one-dimensional frequency-domain correlation is
computed as:

1 <
— > T NUa (s 2o + IDNU 2 + 1)
ny i=1

1 1
N\ : a2 =N - I?
\/nf > Walis 20 +1,) \/nf > L Ui 26+ 1)

Ci1p(2a» 25, 1j) =

>

where U, (f;, z,+1)! are the absolute frequency components
of the first preprocessed reflected optical signal reflected
from the first location z,+1, [U,(f;,z,+1)! are the absolute
frequency components of the second preprocessed reflected
optical signal reflected from the second location z,+1, 1is an
index that varies from 1 to n, and f; is a frequency index.

In accordance with any embodiments of the present
disclosure, detecting the improper protection in the optical
communication network is based on a correlation threshold.

In accordance with any embodiments of the present
disclosure, upon the computed correlation being greater than
the correlation threshold, the first optical fiber and the
second optical fiber are determined to be located in close
proximity resulting in the improper protection in the optical
communication network.

In accordance with the second broad aspect of the present
disclosure, there is provided a system for detecting an
improper protection in an optical communication network,
the system comprising: a first Coherent-Optical Time
Domain Reflectometer (C-OTDR) configured to receive a
first reflected optical signal from a first optical fiber; a
second C-OTDR configured to receive a second reflected
optical signal from a first optical fiber; a non-transitory
memory element having instructions thereon; a processor
coupled to the non-transitory memory element and which
execute the instructions to cause the processor to: pre-
process the first reflected optical signal and the second
reflected optical signal; determine a category of the first
C-OTDR and the second C-OTDR; wherein, upon deter-
mining that the category of the first C-OTDR and the second
C-OTDR is distributed acoustic sensing (DAS), compute a
correlation between the first preprocessed reflected optical
signal and the second preprocessed reflected optical signal
based on a first correlation computation technique; wherein,
upon determining that the category of the first C-OTDR and
the second C-OTDR is distributed vibration sensing (DVS),
compute a correlation between the first preprocessed
reflected optical signal and the second preprocessed
reflected optical signal based on a second correlation com-
putation technique; and based on the computed correlation,
detect the improper protection in the optical communication
network.

In accordance with any embodiments of the present
disclosure, the first correlation computation technique com-
prises one of: computing one-dimensional time-domain cor-
relation between the first preprocessed reflected optical
signal reflected from a first location in the first optical fiber
and the second preprocessed reflected optical signal
reflected from a second location in the second optical fiber
for a given duration of time T; computing a two-dimensional
time-domain correlation between the first preprocessed
reflected optical signal reflected over a length L from a first
location in the first optical fiber and the second preprocessed
reflected optical signal reflected over the length L from a
second location in the second optical fiber for a given
duration of time T; and computing one-dimensional time-
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domain correlations between the first preprocessed reflected
optical signal reflected from a first set of locations in the first
optical fiber and the second preprocessed reflected optical
signal reflected from a second set of locations in the second
optical fiber for a given duration of time T, and computing
an average value of the one-dimensional time-domain cor-
relations.

In accordance with any embodiments of the present
disclosure, the second correlation computation technique
comprises one of: computing two-dimensional frequency-
domain correlation between absolute frequency components
of the first preprocessed reflected optical signal reflected
over a length L from a first location in the first optical fiber
and absolute frequency components of the second prepro-
cessed reflected optical signal reflected over the length L
from a second location in the second optical fiber; and
computing one-dimensional frequency-domain correlations
between the absolute frequency components of the first
preprocessed reflected optical signal reflected from a first set
of locations in the first optical fiber and the absolute fre-
quency components of the second preprocessed reflected
optical signal reflected from a second set of locations in the
second optical fiber, and computing an average value of the
one-dimensional frequency-domain correlations.

BRIEF DESCRIPTION OF THE FIGURES

The features and advantages of the present disclosure will
become apparent from the following detailed description,
taken in combination with the appended drawings, in which:

FIG. 1 depicts a block diagram of an optical network;

FIG. 2 (Prior Art) illustrates 2D waterfall diagrams cor-
responding to two optical fibers generated using conven-
tional techniques;

FIG. 3 illustrates a high-level functional block diagram of
a C-OTDR configured to assist in detection of improper
protection in the optical network, in accordance with various
non-limiting embodiments of the present disclosure;

FIG. 4 illustrates a 2D waterfall diagram w(t;,z;), in
accordance with various non-liming embodiments of the
present disclosure;

FIG. 5 illustrates a system for detecting an improper
protection in an optical network, in accordance with various
non-limiting embodiments of the present disclosure;

FIG. 6 illustrates simulation outcome of a computed
two-dimensional frequency-domain correlation C,,(z,.Z,.
L), in accordance with various non-limiting embodiments of
the present disclosure;

FIG. 7 illustrates simulation outcome of a computed
averaged one-dimensional frequency-domain correlation
Cyp(z,2,, L), in accordance with various non-limiting
embodiments of the present disclosure;

FIG. 8 depicts a high-level block diagram of representa-
tive components for the correlation analysis processor, in
accordance with various embodiments of the present disclo-
sure; and

FIG. 9 depicts a flowchart representing a process directed
to a method for detecting an improper protection in an
optical communication network, in accordance with various
embodiments of present disclosure.

It is to be understood that throughout the appended
drawings and corresponding descriptions, like features are
identified by like reference characters. Furthermore, it is also
to be understood that the drawings and ensuing descriptions
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are intended for illustrative purposes only and that such
disclosures are not intended to limit the scope of the claims.

DETAILED DESCRIPTION

The instant disclosure is directed to addressing at least
some of the deficiencies of the conventional techniques. In
particular, the instant disclosure describes efficient systems
and methods for detecting an improper protection in an
optical communication network.

Unless otherwise defined or indicated by context, all
technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill
in the art to which the described embodiments appertain to.

In the context of the present specification, “controller” is
any computer hardware that is capable of running software
appropriate to the relevant task at hand. In the context of the
present specification, in general the term “client device” is
associated with a user of the client device. Thus, some
(non-limiting) examples of client devices include personal
computers (desktops, laptops, netbooks, etc.), smartphones,
and tablets, as well as network equipment such as routers,
switches, and gateways. It should be noted that a device
acting as a client device in the present context is not
precluded from acting as a server to other client devices. The
use of the expression “a client device” does not preclude
multiple client devices being used in receiving/sending,
carrying out or causing to be carried out any task or request,
or the consequences of any task or request, or steps of any
method described herein.

In the context of the present specification, unless provided
expressly otherwise, the words “first”, “second”, “third”,
etc. have been used as adjectives only for the purpose of
allowing for distinction between the nouns that they modify
from one another, and not for the purpose of describing any
particular relationship between those nouns. Thus, for
example, it should be understood that, the use of the terms
“first processor” and “third processor” is not intended to
imply any particular order, type, chronology, hierarchy or
ranking (for example) of/between the server, nor is their use
(by itself) intended to imply that any “second server” must
necessarily exist in any given situation. Further, as is dis-
cussed herein in other contexts, reference to a “first” element
and a “second” element does not preclude the two elements
from being the same actual real-world element. Thus, for
example, in some instances, a “first” server and a “second”
server may be the same software and/or hardware, in other
cases they may be different software and/or hardware.

It will be understood that when an element is referred to
as being “connected” or “coupled” to another element, it can
be directly or indirectly connected or coupled to the other
element or intervening elements that may be present. In
contrast, when an element is referred to as being “directly
connected” or “directly coupled” to another element, there
are no intervening elements present. Other words used to
describe the relationship between elements should be inter-
preted in a like fashion (e.g., “between” versus “directly
between,” “adjacent” versus “directly adjacent.” etc.).

In the context of the present specification, when an
element is referred to as being “associated with” another
element, in certain embodiments, the two elements can be
directly or indirectly linked, related, connected, coupled, the
second element employs the first element, or the like without
limiting the scope of present disclosure.

The terminology used herein is only intended to describe
particular representative embodiments and is not intended to
be limiting of the present technology. As used herein, the
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singular forms “a,” “an” and “the” are intended to include
the plural forms as well, unless the context clearly indicates
otherwise. It will be further understood that the terms
“comprises” and/or “comprising”, when used in this speci-
fication, specify the presence of stated features, integers,
steps, operations, elements, and/or components, but do not
preclude the presence or addition of one or more other
features, integers, steps, operations, elements, components,
and/or groups thereof.

Implementations of the present technology each have at
least one of the above-mentioned objects and/or aspects, but
do not necessarily have all of them. It should be understood
that some aspects of the present technology that have
resulted from attempting to attain the above-mentioned
object may not satisfy this object and/or may satisfy other
objects not specifically recited herein.

The examples and conditional language recited herein are
principally intended to aid the reader in understanding the
principles of the present technology and not to limit its scope
to such specifically recited examples and conditions. It will
be appreciated that those skilled in the art may devise
various arrangements which, although not explicitly
described or shown herein, nonetheless embody the prin-
ciples of the present technology and are included within its
spirit and scope.

Furthermore, as an aid to understanding, the following
description may describe relatively simplified implementa-
tions of the present technology. As persons skilled in the art
would understand, various implementations of the present
technology may be of a greater complexity.

In some cases, what are believed to be helpful examples
of modifications to the present technology may also be set
forth. This is done merely as an aid to understanding, and,
again, not to define the scope or set forth the bounds of the
present technology. These modifications are not an exhaus-
tive list, and a person skilled in the art may make other
modifications while nonetheless remaining within the scope
of the present technology. Further, where no examples of
modifications have been set forth, it should not be inter-
preted that no modifications are possible and/or that what is
described is the sole manner of implementing that element
of the present technology.

Moreover, all statements herein reciting principles,
aspects, and implementations of the present technology, as
well as specific examples thereof, are intended to encompass
both structural and functional equivalents thereof, whether
they are currently known or developed in the future. Thus,
for example, it will be appreciated by those skilled in the art
that any block diagrams herein represent conceptual views
of illustrative circuitry embodying the principles of the
present technology. Similarly, it will be appreciated that any
flowcharts, flow diagrams, state transition diagrams, pseudo-
code, and the like represent various processes which may be
substantially represented in computer-readable media and so
executed by a computer or processor, whether or not such
computer or processor is explicitly shown.

The functions of the various elements shown in the
figures, including any functional block labeled as a “pro-
cessor” or a “processing unit”, may be provided through the
use of dedicated hardware as well as hardware capable of
executing software in association with appropriate software.
When provided by a processor, the functions may be pro-
vided by a single dedicated processor, by a single shared
processor, or by a plurality of individual processors, some of
which may be shared. In some embodiments of the present
technology, the processor may be a general-purpose proces-
sor, such as a central processing unit (CPU) or a processor
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dedicated to a specific purpose, such as a graphics process-
ing unit (GPU). Moreover, explicit use of the term “proces-
sor” or “controller” should not be construed to refer exclu-
sively to hardware capable of executing software, and may
implicitly include, without limitation, digital signal proces-
sor (DSP) hardware, network processor, application specific
integrated circuit (ASIC), field programmable gate array
(FPGA), read-only memory (ROM) for storing software,
random access memory (RAM), and non-volatile storage.
Other hardware, conventional and/or custom, may also be
included.

Software modules, modules, or units which are implied to
be software, may be represented herein as any combination
of flowchart elements or other elements indicating perfor-
mance of process steps and/or textual description. Such
modules may be executed by hardware that is expressly or
implicitly shown.

With these fundamentals in place, the instant disclosure is
directed to address at least some of the deficiencies of the
current technology. In particular, the instant disclosure
describes efficient systems and methods for detecting an
improper protection in an optical communication network.

Referring now to the drawings, FIG. 1 depicts a block
diagram of an optical network 100. As shown, the optical
network 100 typically includes a plurality of optical nodes
that may include optical multiplexing sections (OMSs)
comprising optical add-drop multiplexers, such as, for
example, a reconfigurable optical add-drop multiplexers
(ROADMSs) A, B, C, D, E, and F each containing at least one
wavelength selective switch (WSS). Each node may be
configured to add, remove, and/or reroute a wavelength.
Each OMS based node may further comprise multiple
optical transport sections (OTSs), where at each OTS wave-
length remains same.

Each node in the optical network 100 may also incorpo-
rate one or more laser light sources configured to produce,
emit, or radiate pulses of light with certain pulse duration. In
certain embodiments, one or more pulsed laser light sources
may comprise one or more laser diodes, such as but not
limited to: Fabry-Perot laser diode, a quantum well laser, a
distributed Bragg reflector (DBR) laser, a distributed feed-
back (DFB) laser, or a vertical-cavity surface-emitting laser
(VCSEL). Just as examples, a given laser diode may be an
aluminum-gallium-arsenide (AlGaAs) laser diode, an
indium-gallium-arsenide (InGaAs) laser diode, or an
indium-gallium-arsenide-phosphide (InGaAsP) laser diode,
or any other suitable laser diode.

It is also contemplated that the emitted light may be single
polarized, dual polarized, or randomly polarized, may have
a particular polarization (e.g., linearly polarized, elliptically
polarized, or circularly polarized).

Further, each node in the optical network 100 may incor-
porate multiple optical amplifiers, e.g., erbium-doped fiber
amplifiers (EDFAs), for amplifying the optical signals. The
optical network 100 may further employ one or more optical
network elements and modules (which may include either or
both of active and passive elements/modules), such as, for
example, optical filters, WSSs, arrayed waveguide gratings,
optical transmitters, optical receivers, processors and other
suitable components. However, for purposes of simplicity
and tractability, these elements have been omitted from FIG.
1.

It is contemplated that the nodes in the optical network
100 may be communicatively connected by virtue of links
including optical cables, where each optical cable may
include a plurality of optical fibers. The optical fiber may be
of any suitable type such as, for example, single mode

10

20

25

30

35

40

45

50

55

60

65

10
optical fiber, multi-mode optical fiber, standard single mode
fibers (SSMFs), large effective area fibers (LEAFs) or the
like. The links also include a plurality of optical amplifiers,
such as, for example, EDFAs. The link between two nodes
further includes optical amplifiers.

By way of example, an implementation of the optical
network 100 may include a working path and a protection
path. For example, in the optical network 100, a start node
may be node A and the destination node may be node F. As
depicted by 102 in FIG. 1, the working path 104 and
protection path 106 may be disjoint in terms of optical fibers
or optical cables. For example, in implementation 102 the
working path 104 may be implemented using path
A—C—E—F and the protection path 106 may be imple-
mented using path A—B—=D—F. As shown, in implemen-
tation 102, the working path 104 and the protection path 106
are completely disjointed. To this end, any one the optical
cable or an optical fiber in the optical cable malfunctions due
to any reason along the working path, traffic between node
A and F may be redirected to the protection path.

In other implementations, such as depicted by implemen-
tation 108 of FIG. 1, at least a portion of working path 110
and a portion of protection path 112 share the same optical
fiber, or different optical fibers but within same optical cable,
or different optical fiber cables that are too close to each
other. For example, in implementation 108 the working path
110 may be implemented using path A—C—=E—F and the
protection path 112 may be implemented using path
A—-B—C—E—=D—F. As shown, in implementation 108
both the working path 110 and the protection path 112 have
a common path segment C—E. To this end, in the event of
any of the optical fiber in the optical cable malfunctions due
to any reason, the traffic between node A and F may be
redirected from the working path 110 to the protection path
112. However, if the malfunction occurs along path C—E,
the communication between the node A and node B is
completely interrupted for both the working path 110 and the
protection path 112.

Generally, for survivability of the optical network 100, in
case of failure to the working path 104, a common practice
is to reserve the protection path 106 to detour the data traffic.
For maximal protection, the working path 104 and the
protection path 106 are required to be geographically dis-
joint. However, in the field, there are substantial scenarios of
improper protection with the working path 104 and the
protection path 106 ending up sharing at least a portion of
the same fiber or the same cable, or the same duct/trench. To
save networks proactively, systems and methods on how to
identify improper protections are highly desirable. Various
embodiments of the present disclosure are directed towards
detecting improper design/assignment of protection paths in
optical networks.

Conventional techniques rely on coherent Optical Time
Domain Reflectometers (C-OTDRs), the C-OTDRs simul-
taneously monitor the two optical fibers under test. The
conventional techniques generate 2D waterfall diagrams
from the optical fibers under test. To determine whether two
optical fibers are co-cable or not, strong events around the
optical fiber (e.g., a vehicle passing over a buried optical
fiber) which can create clear and distinct patterns/features in
2D waterfall diagrams is required.

FIG. 2 (Prior Art) illustrates 2D waterfall diagrams 200
corresponding to two optical fibers generated using conven-
tional techniques. The conventional techniques rely on
image processing techniques that requires strong perturba-
tions to distinguish the two 2D waterfall diagrams. In
practice with optical fibers subject to low-impact events and
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conditions, the optical fiber properties are weakly perturbed
resulting in patterns/features in 2D waterfall diagrams bur-
ied in the noise. An immediate conventional solution is to
deliberately apply strong mechanical vibrations to the areas
hosting the optical fibers to obtain clear features in 2D
waterfall diagrams. However, such a solution increases the
operational cost and complexity of the test process.

Various embodiments of the present disclosure rely on
Coherent-OTDRs (C-OTDRs) for the detection of improper
protection in the optical network 100. FIG. 3 illustrates a
high-level functional block diagram of a C-OTDR 300
configured to assist in detection of improper protection in
the optical network 100, in accordance with various non-
limiting embodiments of the present disclosure. As shown,
the C-OTDR 300 may include a narrow linewidth laser 302,
an optical splitter 304, an electrical functional generator 306,
an optical modulator 308, an input port 310, a detector 314,
an analog-to-digital convertor (ADC) 316, and a processor
318. It is contemplated that the components illustrated
corresponding to the C-OTDR 300 are merely representative
and the C-OTDR 300 may include additional components
which are not illustrated in FIG. 3 for the purpose of
simplicity.

The narrow linewidth laser 302 may generate highly
coherent optical signal having a long coherence time. The
magnitude/phase of the coherent optical signal may be
internally or externally modulated by the optical modulator
308 using a modulation signal generated by the electrical
function generator 306. The optical modulator 308 may
generate an arbitrarily modulated/coded optical signal to be
launched into the fiber under test 312. At least a portion of
the optical signal may be backscattered from the fiber under
test 312. The backscattered optical signal may be reflected to
the input port 310. The input port 310 may redirect the
backscattered optical signal to the detector 314.

As noted above, the optical signal launched to the fiber
under test 312 may be coherent and having a long coherence
time, accordingly, the backscattered optical signal may be a
result of coherent interference due to the inhomogeneities of
the fiber under test 312. Such coherent optical interference
may be highly sensitive to the local strain/temperature of the
fiber under test 312 which itself depends on dynamic
mechanical/thermal conditions surrounding the fiber under
test 312. Various embodiments of the present disclosure may
benefit from the sensitivity to identify whether or not the
primary and protection paths are subject to similar ambient
conditions as a result of their close proximity implying
improper or proper protection, respectively.

It is contemplated that the detector 314 in the C-OTDR
may be either based on distributed vibration sensing (DVS)
system or may be based on distributed acoustic sensing
(DAS) systems. The parameter to be monitored can be
magnitude/phase/state of polarization information in the
backscattered optical signal. Typically, in DVS systems, the
magnitude information is collected and in DAS systems, the
full-wave information (in-phase and quadrature) of backs-
cattered optical signals is collected. The DAS and DVS
systems may have a single polarization or polarization
diverse design at the transmitter and/or receiver side.

The detector 314 may employ direct or coherent detection
schemes corresponding to DVS or DAS systems, respec-
tively. For coherent detection, a reference oscillator for
example, the optical splitter 304 may be required to beat
with the backscattered signal at the detector 314.

Generally, short optical pulses are periodically launched
into the fiber under test 312. For every single pulse, a trace
for the parameter of interest in the received backscattered

25

35

40

45

50

12

optical signal versus the location where the scattering is
originated from (i.e., fast axis, z) may be captured as the
optical signal propagates along the fiber until its end. Fast
axis (z) may be discretized (z,) in correspondence to the
sampling speed of the ADC 316. The C-OTDR 300 may
launch n, pulses at times t,, n, backscattering traces may be
captured by the detector 314 to form a 2D waterfall diagram
w(t,,z;,) showing how the backscattered optical signal from
different locations of the fiber under test 312 (fast axis, z) is
evolving over time (slow axis, t).

FIG. 4 illustrates a 2D waterfall diagram w(t,z) 400, in
accordance with various non-liming embodiments of the
present disclosure. The 2D waterfall diagram w(t,z) 400 may
be generated by the C-OTDR 300 corresponding to the n,
pulses, each pulse separated by a time interval of T.

FIG. 5 illustrates a system 500 for detecting an improper
protection in an optical network 100, in accordance with
various non-limiting embodiments of the present disclosure.
As shown, the system 500 may include a first C-OTDR 502,
a second C-OTDR 504, and a correlation analysis processor
506. The C-OTDR 502, and the C-OTDR 504 may be
implemented similar to the C-OTDR 300. The system 500
may include additional components, however, such compo-
nents have been omitted from FIG. 5 for the purpose of
simplicity.

The first C-OTDR 502 may be configured to launch a first
optical signal to a first optical fiber under test 508. The first
optical signal may include optical pulses generated at equal
intervals of time. The first optical signal may be reflected
from the first optical fiber under test 508. The first reflected
signal may be received by the first C-OTDR 502 and the first
C-OTDR 502 may generate a first 2D waterfall signal w,,
(t,z). In a similar manner, the second C-OTDR 504 may be
configured to launch a second optical signal to a second
optical fiber under test 510. The second optical signal may
include optical pulses generated at equal intervals of time.
The second optical signal may be reflected from the second
optical fiber under test 510. The second reflected signal may
be received by the second C-OTDR 504 and the first
C-OTDR 504 may generate a second 2D waterfall signal w,
(t,z). The first C-OTDR 502, and the second C-OTDR 504
may provide the 2D waterfall signals w (t,z), and w,(t,z) to
the correlation analysis processor 506.

The correlation analysis processor 506 may perform a
correlation operation between the first 2D waterfall signal
w, (t,z), and the second 2D waterfall signal w, (t,z) to
determine any similarities therebetween. Based on the simi-
larities, the correlation analysis processor 506 may deter-
mine if the first optical fiber under test 508 and the second
optical fiber under test 510 are in close proximity.

To further improve the performance of the system 500, the
correlation analysis processor 506 may perform pre-process-
ing of the first 2D waterfall signal w, (t,z), and the second
2D waterfall signal w, (t,z). The pre-processing may include
bandpass filtering, normalization of the time/frequency com-
ponents and applying non-linear gain.

The correlation analysis processor 506 may perform a
bandpass filtering over the first 2D waterfall signal w,(t,z),
and the second 2D waterfall signal w, (t,z) in order to
suppress low-frequency laser noises and high-frequency
white noises beyond the range of expected vibrations. In
certain non-limiting embodiments, the bandpass filtering
may be in a frequency range of 10 Hz-500 Hz.

In certain non-limiting embodiments, the correlation
analysis processor 506 may normalize the frequency con-
tents of the first 2D waterfall signal w (t,z), and the second
2D waterfall signal w,, (t,z) over the entire lengths of the first
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optical fiber under test 508 and the second optical fiber under
test 510 respectively. The normalization process may pro-
vide a balance to the portion of vibration sources at different
frequencies in the correlation outcorme.

In certain non-limiting embodiments, the correlation 35
analysis processor 506 may apply a non-linear gain in the
time domain or frequency domain to provide stronger
weights to perturbation events in the correlation operation
thereby improving the performance of the system 500.

By pre-processing, the correlation analysis processor 506
may generate a first preprocessed reflected optical signal
u,(t.,z), a second preprocessed reflected optical signal u,(t,z)
from the first 2D waterfall signal w,(t,z), and the second 2D
waterfall signal w,, (t,z) respectively. The correlation analy-
sis processor 506 may use the first preprocessed reflected
optical signal u (t,z), a second preprocessed reflected optical
signal u,(t,z) to compute the correlation.

As previously noted, the first C-OTDR 502 and the
second C-OTDR 504 may be based either on the DAS
system or on the DVS system. The correlation analysis
processor 506 may customize the correlation operation
based on a category of the first C-OTDR 502 and the second
C-OTDR 504. The correlation analysis processor 506 may
determine the category of the first C-OTDR 502 and the
second C-OTDR 504. In the event that the determined
category is DAS system, the correlation analysis processor
506 may compute a correlation between the first prepro-
cessed reflected optical signal u (t,z) and the second pre-
processed reflected optical signal u,(t,z) based on a first
correlation computation technique. In the event that the
determined category is DVS system, the correlation analysis
processor 506 may compute a correlation between the first
preprocessed reflected optical signal u,(t,z) and the second
preprocessed reflected optical signal u,(t,z) based on a
second correlation computation technique.

The DAS system may not be linear in the sense that the
variations in the system output may not necessarily be
linearly related to the input perturbations experienced by the
first optical fiber under test 508 and the second optical fiber
under test 510. Thus, under the same input perturbations, the
first optical fiber under test 508 and the second optical fiber
under test 510 may generate different output signal traces
with minor correlation. Accordingly, in certain embodi-
ments, the correlation analysis processor 506 may formulate
a differential phase (P(t,z+Az)—P(t,z) which may be almost
linearly following the fiber perturbations and may be par-
tially immune to common noise terms.

In order to determine if the first optical fiber under test
508 at its longitudinal location z,, is in close proximity of the
second optical fiber under test 510 at its longitudinal loca-
tion z,, the correlation analysis processor 506 may compute
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The one-dimensional time-domain correlation may be
computed as:

1 n 1
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where u_(t,z,) may be the first preprocessed reflected
optical signal reflected from the first location z_, u,(t;,7,) is
the second preprocessed reflected optical signal reflected
from the second location z,, i may be an index that varies
from 1 to n,, and t, may be a time index. The time index t,
may be related to the index i as:
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In case the first optical fiber under test 508 at location z,, is
in close proximity to the second optical fiber under test 510
at location z,, the computed correlation may illustrate a
peak.

It is contemplated that the first optical fiber under test 508
and the second optical fiber under test 510 may share at least
a portion of the respective paths and that the computing of
a correlation between the first preprocessed reflected optical
signal u(t,z) and the second preprocessed reflected optical
signal u,(t,z) over a L may provide a stronger correlation.
The correlation analysis processor 506 may compute two-
dimensional time-domain correlation between the first pre-
processed reflected optical signal reflected u,(t,z) over a
length L from the first location z_ in the first optical fiber
under test 508 and the second preprocessed reflected optical
signal reflected u,(t,z) over the length L from the second
location z,, in the second optical fiber under test 510 for a
given duration of time T. In other words, the correlation
analysis processor 506 may compute a correlation between
the first preprocessed reflected optical signal u (t,z) reflected
from the location z,, to z+L in the first optical fiber under
test 508 and the second preprocessed reflected optical signal
reflected u,,(t,z) reflected from the location z, to z,+L in the
second optical fiber under test 510.

The value of L may be preset based on a minimum
expectation of the shared lengths of the first optical fiber
under test 508 and the second optical fiber under test 510
considering that a longer L. may allow for stronger correla-
tion, which translates into greater reliability of detecting an
improper protection in the optical network 100.

The two-dimensional time-domain correlation may be
computed as:
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one-dimensional time-domain correlation between the first
preprocessed reflected optical signal u,(t,z) reflected from
the first location z,, in the first optical fiber under test 508 and
the second preprocessed reflected optical signal u,(t,z) ¢5
reflected from the second location z,, in the second optical
fiber under test 510 for a given duration of time T.

1

where u, (t;,z,+1,) may be the first preprocessed reflected
optical signal reflected over a length 1, from the first
location z,,, u,(t;,z,+1;) may be the second preprocessed
reflected optical signal reflected over a length 1 from the
second location z,, i may be an index that varies from
1 to n4, j may be an index that varies from 1 to n,, t

i
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may be a time index and 1; may be a length index. The
time index t; may be related to the index i as:

,_u-ur
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and the length index [, is related to index j as:
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Further, to enhance the performance, in certain non-
limiting embodiments, the correlation analysis processor
506 average the two-dimensional time-domain correlation
C,p(z,.2,,,L) to improve the detectability of the peak.

Returning to FIG. 5, in another embodiment, the first
correlation computation technique may be to compute one-
dimensional time-domain correlations between the first pre-
processed reflected optical signal u_(t,z) reflected from a first
set of locations in the first optical fiber under test 508 and the
second preprocessed reflected optical signal u,(t,z) reflected
from a second set of locations in the second optical fiber
under test 510 for a given duration of time T. The first set of
locations in the first optical fiber under test 508 may be
referred to as a discrete set of locations between the location
7, and z_+L.. The second set of locations in the second
optical fiber under test 510 may be referred to as a discrete
set of locations between the location z, and z,+L. The
correlation analysis processor 506 may compute correlations
between the first preprocessed reflected optical signal u_(t,z)
and the second preprocessed reflected optical signal u,(t,z)
for each location in the first set of locations and the second
set of locations for a given duration of time T.

Further, the correlation analysis processor 506 may com-
pute an average value of all one-dimensional time-domain
correlations. In so doing, the correlation analysis processor
506 may compute two-dimensional time-domain correlation
in terms of one-dimensional time-domain correlations. In
some situations, this technique of computing the correlation
embodiment may illustrate greater resilience to false detec-
tion of improper protection as this technique provides an
equalization of the correlations.

The one-dimensional time-domain correlations and the
average of the correlations may be computed as:
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Returning to FIG. 5, as previously noted, in the event that
the determined category is a DVS system, the correlation
analysis processor 506 may compute a correlation between
the first preprocessed reflected optical signal u_(t,z) and the
second preprocessed reflected optical signal u,(t,z) based on
the second correlation computation technique.

In DVS systems, the time invariant property of the system
may enable a strong correlation in terms of absolute fre-
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quency content between the first preprocessed reflected
optical signal u,(t,z) and the second preprocessed reflected
optical signal u,(t,z) in case the first optical fiber under test
508 and the second optical fiber under test 510 in close
proximity. Therefore, in some of the embodiments the
absolute frequency content may be used for the second
correlation computation technique.

In certain embodiments, the correlation analysis processor
506 may compute the Discrete Fourier Transform (DFT) of
the first preprocessed reflected optical signal u,(t,z) and the
second preprocessed reflected optical signal u,(t,z).

The correlation between the absolute frequency content
the first preprocessed reflected optical signal u_(t,z) and the
second preprocessed reflected optical signal u,(t,z) over a
frequency range from f,,, to f, . composed of n, discrete

points may be computed as:
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where U (f,z+1)! are the absolute frequency compo-
nents of the first preprocessed reflected optical signal
reflected v, (t,z) over a length L. from the first location
2, IU(f,7,+1))! are the absolute frequency components
of the second preprocessed reflected optical signal
reflected u,(t.z) over a length 1; from the second loca-
tion z,, 11is an index that varies from 1 to ny, j is an index
that varies from 1 to n,, f; is a frequency index and 1,
is a length index. The frequency index f; is related to the
index i as:
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where f,, . and f,; are the maximum and minimum values
of the absolute frequency components and the length index

1; is related to index j as:
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nL—l'

=

The values of £, to £, may be set by frequency filtering
process applied in the pre-processing stage.

Returning to FIG. 5, in another embodiment, the second
correlation computation technique may operate to compute
one-dimensional frequency-domain correlations between
the first preprocessed reflected optical signal u_(t,z) reflected
from the first set of locations in the first optical fiber under
test 508 and the second preprocessed reflected optical signal
u,(t.z) reflected from the second set of locations in the
second optical fiber under test 510 for a given duration of
time T.

Further, the correlation analysis processor 506 may com-
pute an average value of all one-dimensional frequency-
domain correlations. In so doing, the correlation analysis
processor 506 may compute two-dimensional frequency-
domain correlation in terms of one-dimensional frequency-
domain correlations. In some situations, this technique of
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computing the correlation embodiment may illustrate
greater resilience to false detection of improper protection as
this technique provides an equalization of the correlations.

The one-dimensional frequency-domain correlations and
the average of the correlations may be computed as:

Ly ®
— > NUalfis 22 + IV is 25 + 1)
nf i=1

T

\/—Zf Ualfis 22+ 1)1
nf i=1
T, 2
— > Uiy 2+ 1)
nf i=1

I
Cop(2za, zp, L) = ZZjZICID(Zﬂa zp, 1)

Ci1p(2a» 2, I7) =

©®

FIG. 6 illustrates a simulation outcome 600 of a computed
two-dimensional frequency-domain correlation C,,(z,.Z,.
L), in accordance with various non-limiting embodiments of
the present disclosure. In one example, z, is fixed at 4800 m
and L set to be 100 m, z,, is swept from 0 to 9900 m. The
peak at z,=4805 m are the indications of the close proximity
of the first optical fiber under test 508 from 4800 m to 4900
m (z,+L) and the second optical fiber under test 510 4805 m
to 4905 m (z,+L).

FIG. 7 illustrates a simulation outcome 700 of a computed
averaged one-dimensional frequency-domain correlation
C,p(z,.2,,L), in accordance with various non-limiting
embodiments of the present disclosure. As shown, the aver-
aged one-dimensional frequency-domain correlation may
illustrate better resilience to false detections with greater
suppression of misleading peaks at 3495 m and 6460 m.

Once the correlation is computed, the correlation analysis
processor 506 may detect the improper protection in the
optical communication network based on a correlation
threshold. The correlation threshold may set in terms of peak
values in the computed correlation. In the event that the
computed correlation is more than the correlation threshold,
the first optical fiber under test 508 and the second optical
fiber under test 510 may be determined to be located in close
proximity resulting in the improper protection in the optical
network 100.

FIG. 8 depicts a high-level block diagram of representa-
tive components for the correlation analysis processor 506,
in accordance with various embodiments of the present
disclosure. It should be appreciated that FIG. 12 provides
only an illustration of one implementation of the correlation
analysis processor 506 and does not imply any limitations
with regard to the environments in which different embodi-
ments may be implemented. Many modifications to the
depicted environment can be done to implement the corre-
lation analysis processor 506 without departing from the
principles presented herein.

As shown, the correlation analysis processor 506 employs
one or more processors 802, one or more computer-readable
random access memories (RAMs) 804, one or more com-
puter-readable read only memories (ROMs) 806, one or
more computer-readable storage media 808, device drivers
814, a read/write (R/W) interface 816, a network interface
818, all interconnected over a communications fabric 820.
The communication fabric 820 may be implemented with
any architecture designed for passing data and/or control
information between processors (such as microprocessors,
communications and network processors, etc.), memory,
peripheral devices, and any other hardware components
within a system.
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One or more operating system(s) 810 and one or more
application program(s) 812 are stored on one or more of
computer-readable storage media 808 for execution by one
or more of the processors 802 via one or more of the
respective RAMs 804 (which typically include a cache
memory). In the illustrated embodiment, each of computer-
readable storage media 808 may be a magnetic disk storage
device of an internal hard drive, CD-ROM, DVD, memory
stick, magnetic tape, magnetic disk, optical disc, a semicon-
ductor storage device such as RAM, ROM, EPROM, flash
memory or any other computer-readable tangible storage
device that can store a computer program and digital infor-
mation.

The correlation analysis processor 506 may also include
the R/W drive or interface 816 to read from and write to one
or more portable computer readable storage media 828.
Application programs 812 on said devices may be stored on
one or more of the portable computer readable storage media
828, read via the respective R/W drive or interface 816 and
loaded into the respective computer readable storage media
808.

It will be appreciated that in certain embodiments the
application programs 812 stored on one or more of the
portable computer readable storage media 828 may config-
ure the correlation analysis processor 506 to provide various
functionalities, in accordance with various embodiments of
the present disclosure.

Application programs 812 on the correlation analysis
processor 506 may be downloaded to the correlation analy-
sis processor 506 from an external computer or external
storage device via a communication network (for example,
the Internet, a local area network or other wide area network
or wireless network) and network interface 818. From
network interface 818, the programs may be loaded onto
computer-readable storage media 808.

The correlation analysis processor 506 may also include
a display screen 822, a keyboard or keypad 824, and a
computer mouse or touchpad 826. The device drivers 814
may interface to display screen 822 for imaging, to keyboard
or keypad 824, to a computer mouse or touchpad 826, and/or
to display screen 822 (in case of touch-screen display) for
pressure sensing of alphanumeric character entry and user
selections. The device drivers 814, R/W interface 816 and
network interface 818 may comprise hardware and software
(stored on computer-readable storage media 808 and/or
ROM 804).

The programs described herein are identified based upon
the application for which they are implemented in a par-
ticular embodiment of the present disclosure. However, it
should be appreciated that any particular program nomen-
clature herein is used merely for convenience, and thus the
disclosure should not be limited to use solely in any specific
application identified and/or implied by such nomenclature.

It will be appreciated that the correlation analysis proces-
sor 506 may be a server, a desktop computer, a laptop
computer, a tablet, a smartphone, a personal digital assistant
or any device that may be configured to implement the
present technology, as should be understood by a person
skilled in the art.

FIG. 9 depicts a flowchart representing a process 900
directed to a method for detecting an improper protection in
an optical communication network, in accordance with
various embodiments of present disclosure. As shown, the
process 900 commences at step 902, where the first
C-OTDR 502 receives a first reflected optical signal from
the first optical fiber under test 508.
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The process 900 advances to step 904, where the second
C-OTDR 504 receives a second reflected optical signal from
the second optical fiber under test 510.

The process 900 proceeds to step 906, where the corre-
lation analysis processor 506 pre-processes the first reflected
optical signal and the second reflected optical signal. The
pre-processing may include bandpass filtering, normaliza-
tion of the time/frequency components and applying non-
linear gain.

The process 900 moves to step 908, where the correlation
analysis processor 506 determines a category of the first
C-OTDR 502 and the second C-OTDR 504. The first
C-OTDR 502 and the second C-OTDR 504 may be based on
a DAS technique or a DVS technique.

The process 900 advances to step 910, where upon
determining that the category of the first C-OTDR 502 and
the second C-OTDR 504 is DAS, the correlation analysis
processor 506 computes a correlation between the first
preprocessed reflected optical signal and the second prepro-
cessed reflected optical signal based on a first correlation
computation technique.

The process 900 proceeds to step 912, where upon deter-
mining that the category of the first C-OTDR 502 and the
second C-OTDR 504 is DVS, the correlation analysis pro-
cessor 506 computes a correlation between the first prepro-
cessed reflected optical signal and the second preprocessed
reflected optical signal based on a second correlation com-
putation technique.

Finally, at step 914, where based on the computed corre-
lation, the correlation analysis processor 506 detects the
improper protection in the optical communication network.

It is to be understood that the operations and functionality
of various systems and methods of the present disclosure,
constituent components, and associated processes may be
achieved by any one or more of hardware-based, software-
based, and firmware-based elements. Such operational alter-
natives do not, in any way, limit the scope of the present
disclosure.

It will also be understood that, although the embodiments
presented herein have been described with reference to
specific features and structures, it is clear that various
modifications and combinations may be made without
departing from such disclosures. The specification and
drawings are, accordingly, to be regarded simply as an
illustration of the discussed implementations or embodi-
ments and their principles as defined by the appended
claims, and are contemplated to cover any and all modifi-
cations, variations, combinations or equivalents that fall
within the scope of the present disclosure.

What is claimed is:

1. A method for detecting an improper protection in an
optical communication network, the method comprising:

receiving, by a first Coherent-Optical Time Domain

Reflectometer (C-OTDR), a first reflected optical signal
from a first optical fiber;
receiving, by a second C-OTDR, a second reflected
optical signal from a second optical fiber;

pre-processing, by a processor, the first reflected optical
signal and the second reflected optical signal;

determining, by the processor, a category of the first
C-OTDR and the second C-OTDR;

wherein, upon determining that the category of the first
C-OTDR and the second C-OTDR is distributed acous-
tic sensing (DAS), computing a correlation between the
first preprocessed reflected optical signal and the sec-
ond preprocessed reflected optical signal based on a
first correlation computation technique;
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wherein, upon determining that the category of the first
C-OTDR and the second C-OTDR is distributed vibra-
tion sensing (DVS), computing a correlation between
the first preprocessed reflected optical signal and the
second preprocessed reflected optical signal based on a
second correlation computation technique; and

based on the computed correlation, detecting the improper

protection in the optical communication network.

2. The method of claim 1, wherein the pre-processing
includes one or more of: bandpass filtering, normalizing
time/frequency components and applying non-linear gain.

3. The method of claim 1, wherein the first correlation
computation technique comprises computing one-dimen-
sional time-domain correlation between the first prepro-
cessed reflected optical signal reflected from a first location
in the first optical fiber and the second preprocessed
reflected optical signal reflected from a second location in
the second optical fiber for a given duration of time T.

4. The method of claim 3, wherein the one-dimensional
time-domain correlation is computed as:

1 <o .
o 2 Realluat, Za (5, 7))
Cip(za, zp) = ,

1 n

T 2
- § C ua (s, 20|
nr =1

, 1
—Zf lut5 (83, o)
nr =1

where u,(t,,z,) is the first preprocessed reflected optical
signal reflected from the first location z,, w,(t;,z,) is the
second preprocessed reflected optical signal reflected from
the second location z,, i is an index that varies from 1 to n,,
and t; is a time index.

5. The method of claim 4, wherein the time index t; is
related to the index i as:

(i-1T

T oap—-1

6. The method of claim 1, wherein the first correlation
computation technique comprises computing a two-dimen-
sional time-domain correlation between the first prepro-
cessed reflected optical signal reflected over a length L from
a first location in the first optical fiber and the second
preprocessed reflected optical signal reflected over the
length L from a second location in the second optical fiber
for a given duration of time T.

7. The method of claim 6, wherein the two-dimensional
time-domain correlation is computed as:

1

nrny

ZjZIZiZIReaI{ua(t,v, Za L s 7 + 1)
T < —np 5 ’
\/ S S 1)
1 nr nr 2
o o St )

Cop(Za, 2, L) =

where u,(t;,z,+];) is the first preprocessed reflected optical
signal reflected over a length I, from the first location z,,
u,(t;z,+1) is the second preprocessed reflected optical sig-
nal reflected over a length L, from the second location z,, i is
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an index that varies from 1 to n4, j is an index that varies
from 1 to n,, t; is a time index and [, is a length index.
8. The method of claim 7, wherein the time index t; is
related to the index i as:

(i-1T

np—1"

and the length index 1, is related to index j as:

(G-DL

np—1"

=

9. The method of claim 1, wherein the first correlation
computation technique comprises:
computing one-dimensional time-domain correlations
between the first preprocessed reflected optical signal
reflected from a first set of locations in the first optical
fiber and the second preprocessed reflected optical
signal reflected from a second set of locations in the
second optical fiber for a given duration of time T; and

computing an average value of the one-dimensional time-
domain correlations.

10. The method of claim 9, wherein for a first location
from the first set of locations and a second location from the
second set of locations, the associated one-dimensional
time-domain correlation is computed as:

1 "
— > Realfualty, za + 16, 25 + 1)
n i=

C1p(2a, 2, Ij) = L ,

1 "
T 2
i:1|Ma(ti, zz + 1)

nr
[
T 2
,/—Z; lug 7, 26 + 1)1
nr =1

where u,(t;,z,+];) is the first preprocessed reflected optical
signal reflected from the first location z,,+1;, u,(t,,z,+1;) is the
second preprocessed reflected optical signal reflected from
the second location z,+1;, 1 is an index that varies from 1 to
ng, and t; is a time index.

11. The method of claim 1, wherein the second correlation
computation technique comprises computing two-dimen-
sional frequency-domain correlation between absolute fre-
quency components of the first preprocessed reflected opti-
cal signal reflected over a length L from a first location in the
first optical fiber and absolute frequency components of the
second preprocessed reflected optical signal reflected over
the length L from a second location in the second optical
fiber.

12. The method of claim 11, wherein the two-dimensional
frequency-domain correlation is computed as:

L o o
f : . : .
o 20 2 el 2o+ IV 25+ 1)
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where U, (f,,z,+1)! are the absolute frequency components
of the first preprocessed reflected optical signal reflected
over a length |, from the first location z,,, [U,(f;,z,+1)! are the
absolute frequency components of the second preprocessed
reflected optical signal reflected over a length 1, from the
second location z,, 1 is an index that varies from 1 to n, j is
an index that varies from 1 to n,, f; is a frequency index and
I; is a length index.

13. The method of claim 12, wherein the frequency index
f; is related to the index i as:

= U= Dlmax = Jonin)

fi + fonin
ng—1

where f,, . and f,; are the maximum and minimum values
of the absolute frequency components and the length index

1, is related to index j as:

G-DL

nL—l'

/=

14. The method of claim 1, wherein the second correlation
computation technique comprises:
computing one-dimensional frequency-domain correla-
tions between the absolute frequency components of
the first preprocessed reflected optical signal reflected
from a first set of locations in the first optical fiber and
the absolute frequency components of the second pre-
processed reflected optical signal reflected from a sec-
ond set of locations in the second optical fiber; and

computing an average value of the one-dimensional fre-
quency-domain correlations.

15. The method of claim 14, wherein for a first location
from the first set of locations and a second location from the
second set of locations, the associated one-dimensional
frequency-domain correlation is computed as:

1 n
— " WUalfir 22 + DNV 25 + 1)
nf i=1
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_ f - NG
\/ 7 Dy Va2 )
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where U, (f;, z,+1,)| are the absolute frequency components
of the first preprocessed reflected optical signal reflected
from the first location z+1;, U,(f,z,+1)| are the absolute
frequency components of the second preprocessed reflected
optical signal reflected from the second location z,+1;,11s an
index that varies from 1 to n, and f, is a frequency index.

16. The method of claim 1, wherein detecting the
improper protection in the optical communication network is
based on a correlation threshold.

17. The method of claim 16 wherein, upon the computed
correlation being greater than the correlation threshold, the
first optical fiber and the second optical fiber are determined
to be located in close proximity resulting in the improper
protection in the optical communication network.

18. A system for detecting an improper protection in an
optical communication network, the system comprising:

a first Coherent-Optical Time Domain Reflectometer

(C-OTDR) configured to receive a first reflected optical
signal from a first optical fiber;
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a second C-OTDR configured to receive a second
reflected optical signal from a second optical fiber;

a non-transitory memory element having instructions
thereon;

aprocessor coupled to the non-transitory memory element
and which execute the instructions to cause the pro-
cessor to:

pre-process the first reflected optical signal and the second
reflected optical signal;

determine a category of the first C-OTDR and the second
C-OTDR;

wherein, upon determining that the category of the first
C-OTDR and the second C-OTDR is distributed acous-
tic sensing (DAS), compute a correlation between the
first preprocessed reflected optical signal and the sec-
ond preprocessed reflected optical signal based on a
first correlation computation technique;

wherein, upon determining that the category of the first
C-OTDR and the second C-OTDR is distributed vibra-
tion sensing (DVS), compute a correlation between the
first preprocessed reflected optical signal and the sec-
ond preprocessed reflected optical signal based on a
second correlation computation technique; and

based on the computed correlation, detect the improper
protection in the optical communication network.

19. The system of claim 18, wherein the first correlation

computation technique comprises one of:

computing one-dimensional time-domain correlation
between the first preprocessed reflected optical signal
reflected from a first location in the first optical fiber
and the second preprocessed reflected optical signal
reflected from a second location in the second optical
fiber for a given duration of time T;

computing a two-dimensional time-domain correlation
between the first preprocessed reflected optical signal
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reflected over a length L from a first location in the first
optical fiber and the second preprocessed reflected
optical signal reflected over the length L. from a second
location in the second optical fiber for a given duration
of time T; and

computing one-dimensional time-domain correlations
between the first preprocessed reflected optical signal
reflected from a first set of locations in the first optical
fiber and the second preprocessed reflected optical
signal reflected from a second set of locations in the
second optical fiber for a given duration of time T, and
computing an average value of the one-dimensional
time-domain correlations.

20. The system of claim 18, wherein the second correla-

tion computation technique comprises one of:

computing two-dimensional frequency-domain correla-
tion between absolute frequency components of the
first preprocessed reflected optical signal reflected over
a length L. from a first location in the first optical fiber
and absolute frequency components of the second
preprocessed reflected optical signal reflected over the
length L from a second location in the second optical
fiber; and

computing one-dimensional frequency-domain correla-
tions between the absolute frequency components of
the first preprocessed reflected optical signal reflected
from a first set of locations in the first optical fiber and
the absolute frequency components of the second pre-
processed reflected optical signal reflected from a sec-
ond set of locations in the second optical fiber, and
computing an average value of the one-dimensional
frequency-domain correlations.
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